Objectives: To examine the development and tracking of subcutaneous fat mass in the first 2 years of life and to examine which parental, fetal and postnatal characteristics are associated with subcutaneous fat mass. Design: This study was embedded in the Generation R Study, a prospective cohort study from early fetal life onward. Subcutaneous fat mass was measured by skinfold thickness (biceps, triceps, suprailiacal, subscapular) at the ages of 1.5, 6 and 24 months in 1012 children. Information about parental, fetal and postnatal growth characteristics was collected by physical and fetal ultrasound examinations and questionnaires. Results: Normal values of subcutaneous fat mass are presented. Total subcutaneous fat mass was higher in girls than in boys at the age of 24 months (P ¼ 0.01). Subjects in the lowest and highest quartiles at the age of 6 months tended to keep their position in the same quartile at the age of 24 months (odds ratios 1.86 (95% confidence interval (CI) 1.3, 2.7)) and 1.84 (95% CI: 1.3, 2.6), respectively). Maternal height and weight, paternal weight, fetal weight at 30 weeks, birth weight and weight at the age of 6 weeks were each inversely associated with subcutaneous fat mass at the age of 24 months after adjustment for current weight at 24 months. Conclusion: This study shows for the first time that subcutaneous fat mass tends to track in the first 2 years of life. Furthermore, the results suggest that an adverse fetal environment and growth are associated with increased subcutaneous fat mass at the age of 24 months. Further studies are needed to examine whether these associations persist in later life.
Introduction
The prevalence of childhood overweight and obesity has increased dramatically in developed countries over the past two decades. 1, 2 Obesity in childhood is associated with short-term morbidity such as asthma and psychological problems, and with an increased risk for chronic morbidity and mortality in adulthood. 3, 4 Childhood obesity tends to track into adulthood, meaning that subjects keep their ranking position in body mass index (BMI) distribution over time. 5 Obesity in childhood is defined by BMI. However, BMI is not an appropriate measure for fat mass, which is the actual harmful factor of obesity. 6 BMI can remain the same whereas body composition can change. 7 Subcutaneous fat mass can be measured by skinfold thicknesses (SFTs), which are valid measurements for use in epidemiological studies. 7, 8 With the use of SFT measurements, development of fat mass or adiposity in early childhood can be studied in more detail than only by height and weight. Previous studies have shown that both parental anthropometrics and anthropometrics at birth are associated with obesity in childhood. 9, 10 The developmental origins of health and disease hypothesis poses that an adverse fetal environment leads to adaptations that program the fetus' metabolism. These adaptations predispose the individual to increased fat mass and insulin resistance postnatally. 11, 12 However, studies relating these early life factors with more detailed measures of fat mass are scarce. 13 We examined the development of subcutaneous fat mass, measured by SFT, in the first 2 years of life in a population-based, prospective cohort study from early fetal life onward. We also examined whether subcutaneous fat mass tracks in early childhood and whether parental, fetal and postnatal growth characteristics are associated with subcutaneous fat mass at the age of 2 years.
Patients and methods

Design
The present study was embedded in the Generation R Study, a population-based prospective cohort study from fetal life until young adulthood. In total, the cohort includes 9778 mothers and their children living in Rotterdam, the Netherlands.
14 All children were born between April 2002 and January 2006. We have previously shown that of all eligible children in the study area, 61% participates in the study. 15 No exclusion criteria were used. Response analyses showed that the study has a somewhat higher level of education than the general population. Additional detailed assessments of fetal and postnatal growth and development were conducted in a subgroup of 1232 Dutch mothers and their children from late pregnancy. This subgroup is referred to as the Generation R Focus cohort and is ethnically homogeneous. Dutch ethnicity was defined as having two parents and four grandparents born in the Netherlands. 15 Between February   2003 and April 2005, all pregnant mothers participating in the Generation R Study, who met this criterion, were approached for additional measurements in late pregnancy (gestational age 30 weeks). 14, 15 No other exclusion criteria were used. Of all approached women, 80% agreed to participate in the subgroup study. In total, 1039 children participated in at least one of the postnatal assessments at the ages of 1.5, 6 and 24 months. The study has been approved by the Medical Ethics Committee of the Erasmus Medical Center, Rotterdam. Written informed consent was obtained from all participants or their parents.
Population for analysis
From the total of 1039 children, 87% (n ¼ 900), 87% (n ¼ 902) and 82% (n ¼ 857) participated in the assessments at the ages of 1.5, 6 and 24 months, respectively. Skinfold measurements were performed in 88% (n ¼ 791) at 1.5 months, in 87% (n ¼ 785) at 6 months and in 87% (n ¼ 747) at 24 months of age of these children. From the total of 1039 children, 87% (n ¼ 900), 87% (n ¼ 902) and 82% (n ¼ 857) participated in the assessments at the ages of 1.5, 6 and 24 months, respectively. Skinfold measurements were performed in 88% (n ¼ 791) at 1.5 months, in 87% (n ¼ 785) at 6 months and in 87% (n ¼ 747) at 24 months of age of these children. Twins (n ¼ 22) were not excluded from the analysis, as they did not differ in the outcome measure from the singletons (sum of skinfolds at 24 months (mm) 27.1 versus 24.6, P ¼ 0.13) and no differences in results were observed after excluding one or both of them. Missing skinfold measurements were mainly due to crying behavior. In total, 1012 children had skinfold measurements for at least one visit.
Data collection and measurements
Maternal and pregnancy characteristics. Information about maternal weight before pregnancy was collected by a questionnaire. Paternal height (cm) and weight (kg) were measured at intake and BMI (kg/m 2 ) was calculated.
Maternal height (cm) and weight (kg) during pregnancy were measured in early (gestational age o18 weeks), mid-(gestational age 18-25 weeks) and late pregnancy (gestational age425 weeks) in one of the research centers at the visits. BMI (kg/m 2 ) was calculated for each pregnancy period. As enrollment in our study was in pregnancy, we were not able to measure maternal weight before pregnancy. However, in our population for analysis, the median gestational age at enrollment was 13.1 weeks. Correlation of pre-pregnancy weight obtained by questionnaire and weight measured at enrollment was 0.97 (Po0.001). No differences in results were found when we used weight measured at enrollment instead of pre-pregnancy weight obtained by questionnaire.
Fetal growth. Fetal ultrasound examinations were carried out at the research centers in early, mid-, and late pregnancy. 15, 16 These fetal ultrasound examinations were used for both establishing gestational age and assessing fetal growth characteristics. Crown-rump length was used for pregnancy dating up to a gestational age of 12 weeks and 5 days (crown-rump length o65 mm), and biparietal diameter was used for pregnancy dating thereafter (gestational age from 12 weeks and 5 days onward, biparietal diameter423 mm). Fetal growth measurements used in the present study included head circumference (HC), abdominal circumference (AC) and femur length (FL), measured in mid-and late pregnancy and measured to the nearest mm using standardized ultrasound procedures. Estimated fetal weight (EFW) was calculated using the formula by Hadlock: (log 10 EFW ¼ 1.5662À0.0108
17 Fetal measurements in early pregnancy were not included as growth characteristics because these ultrasound examinations were primarily performed to establish gestational age.
Birth characteristics. Date of birth, birth weight and gender were obtained from midwife and hospital registries.
Information on breastfeeding and solid foods introduction. Information on breastfeeding and introduction solid foods was collected by questionnaires at 2, 6 and 12 months of age. This information was first used to make a categorical variable on ever having been breastfed (yes/no), breastfeeding at the ages of 2 and 6 months (yes/no) and finally, to create a continuous variable on the duration of breastfeeding (months). We also observed the age of starting solid foods. ). Waist and hip circumferences were measured to the nearest 0.1 cm with a measuring tape (SECA) without clothing. Waist circumference was measured at the minimum circumference between the iliac crest and the rib cage and HC was measured at the maximum width over the greater trochanters.
18 Waist-hip ratio was then calculated as waist circumference divided by hip circumference.
Subcutaneous fat mass. Skinfold thicknesses were measured at the ages of 1.5, 6 and 24 months on the left side of the body at four different sites (biceps, triceps, suprailiacal and subscapular) according to standard procedures by using a skinfold caliper (Slim Guide, Creative Health Products).
19
Four well-trained medical assistants performed all measurements. 20 The consensus between and among observers for the medical assistants was analyzed using the intraclass correlation coefficient (ICC). 21, 22 Intraobserver ICC was 0.88 and interobserver ICC was 0.76. Total subcutaneous fat mass was calculated from the sum of biceps SFT þ triceps SFT þ suprailliacal SFT þ subscapular SFT. Central subcutaneous fat mass was calculated from the sum of suprailliacal SFT þ subscapular SFT. Peripheral subcutaneous fat mass was calculated from the sum of triceps SFT þ biceps SFT.
Covariates
Maternal age was established at enrollment in the study. Information about smoking during pregnancy (yes/no) was obtained from questionnaires during pregnancy. 15, 23 Educational level was defined in four categories: lower than secondary school, secondary school, higher education first phase, higher education second phase according to the classification of Statistics Netherlands. 24 Information about pregnancy and delivery complications was obtained by midwife and hospital registries.
Statistical analysis
Differences between boys and girls in parental, fetal and child characteristics were examined with Student's t-tests or w 2 -test. The same strategy was used for the differences in subcutaneous fat mass between boys and girls at each visit.
We used Pearson's correlation coefficients to assess the relationships between continuously measured subcutaneous fat mass between the different visits. To examine whether subjects remain in the same percentile of SFT (tracking), we created quartiles of the total, peripheral and central sum of subcutaneous fat mass at the ages of 1.5, 6 and 24 months. We used logistic regression models to calculate the risks (odds ratios, ORs) of remaining in the same quartile from 1.5 and 6 to 24 months.
Subsequently, the associations of paternal and maternal weight, height and BMI before pregnancy with subcutaneous fat mass at the age of 24 months, defined as the total sum of skinfolds, were assessed using linear regression models. Similar models were used to examine the associations of EFW in mid-and late pregnancy, birth weight and weight, length and BMI at the ages of 1.5, 6, 14 and 24 months and waist-hip ratio at the age of 24 months with subcutaneous fat mass. At the age of 1.5 months, we used the ponderal index instead of BMI. These regression models were adjusted for current age, gender, gestational age (continuous) at birth and observer (model I) and additionally for current weight (model II) and socioeconomic status, defined as maternal age and educational level, and smoking during pregnancy (model III). To take account for differences between observers, we have adjusted all the analyses for the specific observer as covariate. Variables were included in these models when they changed the effects estimates of interest on subcutaneous fat mass substantially (410%), or when they were strongly associated with fat mass in our or previous studies. We also used the central to peripheral skinfold ratio at the age of 24 months and the subscapular to triceps ratio at the age of 24 months as other measures of subcutaneous fat mass and examined the associations using the same regression models. Finally, we constructed tertiles of EFW at 30 weeks, birth weight and postnatal weight at 6 and 24 months of age and used linear regression models to examine the difference in SFT at 24 months between the tertiles using the first tertile as reference. These models were adjusted for the same possible confounders as the previous models.
All measures of association are presented with their 95% confidence intervals (CIs). Statistical analyses were performed using the Statistical Package of Social Sciences version 11.0 for Windows (SPSS Inc., Chicago, IL, USA).
Results
Of all participating children, 51.8% were male. Birth weight was higher in boys than in girls. No differences were found between boys and girls in breastfeeding and introduction of solid foods (Table 1) . At the ages of 1.5 and 6 months, there was no difference between boys and girls in measured SFTs. At the age of 24 months, girls had more central and total subcutaneous fat mass (Table 2) .
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No correlations of total, central and peripheral SFTs were found at the age of 1.5 with the age of 24 months. Low but significant correlations were found for 6-24 months (r ¼ 0.19, Po0.01, for total; r ¼ 0.22, Po0.01, for central; r ¼ 0.09, P ¼ 0.02, for peripheral SFT) (Figures 1 and 2) . We found that children tend to remain in the lowest and highest quartiles of total sum of SFT from 6 to 24 months; OR, 1.86 (95% CI: 1.3, 2.7) and 1.84 (95% CI: 1.3, 2.6), respectively. No trend was found for tracking from the age of 1.5 to 24 months (data not shown). We also found that the central but not peripheral sum of SFT tracks from the age of 6 months (OR for staying in the lowest quartile 2.28 (1.6, 3.2), OR for staying in the highest quartile 1.50 (1.0, 2.1); Table 3 ).
We found that breastfeeding has an inverse relation with fat mass; however, this was not significant. Waist-hip ratio had a positive relation, which became significant after adjustment. Introduction of solid foods before the age of 5 months was not associated with subcutaneous fat mass (data not shown). Weights at the ages of 6, 14 and 24 months were positively associated with SFT at the age of 24 months. Subcutaneous fat in childhood L Ay et al However, maternal height and weight, paternal weight, fetal weight at 30 weeks, birth weight and weight at 1.5 months were inversely associated with SFT at the age of 24 months after adjustment for current weight at 24 months. Adjustment for maternal age and educational level did not materially change these effect estimates (Table 4 ). In the models using the central to peripheral skinfold ratio at the age of 24 months and the subscapular to triceps ratio at the age of 24 months as outcome, the results were similar (data not shown). In late pregnancy, there is an inverse relation with SFT at 24 months of age. The differences of tertiles of birth weight with SFT at 24 months of age are less clear, but postnatal weight from the age of 6 months onward is positively associated with SFT at the age of 24 months ( Figure 3) .
Discussion
This population-based prospective cohort study suggests that girls have more central subcutaneous fat mass than boys at the age of 24 months. We showed that subcutaneous fat mass tends to track from the age of 6 to 24 months. Postnatal weight is strongly associated with subcutaneous fat mass. However, after adjustment for current weight, inverse associations were found for fetal weight measured in late pregnancy, birth weight and weight at 1.5 months and parental anthropometrics with subcutaneous fat mass at the age of 24 months. Of all postnatal participants (1039 children), skinfold measurements were performed in at least 80%. Missing skinfold measurements were mainly due to crying behavior. No differences were found between children with and without skinfold measurements: birth weight (grams), 3454 versus 3483 (P ¼ 0.5); gestational age (weeks), 39.8 versus 39.9 (P ¼ 0.3) and gender (% male): 53.7 versus 51.8 (P ¼ 0.6). Also, maternal anthropometrics in pregnancy were similar between infants with and without SFT measurements. The effect estimates would be biased if the associations of maternal anthropometrics with SFT differ between those included and not included in the present analyses. This seems unlikely.
Measurement of skinfolds at birth would be of great value in our study. However, due to logistical and financial constraints we were not able to measure skinfolds at birth Values are means (s.d.). Differences were tested using independent sample t-test for continuous variables and w 2 -test for dichotomous variables. Of the total group, data were missing on maternal weight before pregnancy (n ¼ 159), maternal BMI (n ¼ 159), paternal age (n ¼ 61) paternal weight (n ¼ 60), paternal height (n ¼ 60), paternal BMI (n ¼ 60), estimated fetal weight at 20 weeks (n ¼ 49), estimated fetal weight at 30 weeks (n ¼ 42), waist-hip ratio (n ¼ 296), breastfeeding ever (n ¼ 38), breastfeeding duration (n ¼ 298), introduction of solid foods (n ¼ 380). Values are unadjusted odds ratios (95% CI) estimated by logistic regression for quartiles of total, central and peripheral sum of skinfolds at the ages of 6 and 24 months. Total sum of skinfolds ¼ biceps+triceps+subscapular+suprailliacal, central sum of skinfolds ¼ subscapular+suprailliacal, peripheral sum of skinfolds ¼ biceps+triceps. *P ¼ o0.05, **P ¼ o0.01.
Subcutaneous fat in childhood L Ay et al in this study. The first study specific measurements were planned at the age of 1.5 months. We used SFT as a measure of subcutaneous fat mass. This method is easy to perform and can be used in large-scale epidemiological studies. Previous studies have shown that this method is valid for measurement of fat mass in adolescents and children from 5 to 18 years; however, in extremely overweight children the measurement error is larger. 20, 25 The inter-and intraobserver measurement error is known to be small. 26 From these SFT measurements, we calculated total, central and peripheral subcutaneous fat mass. All anthropometric measurements were carried out at the research centers except for maternal pre-pregnancy weight. As self-reported weight just before pregnancy was highly correlated (r ¼ 0.97) with measured weight at intake, we do not think that because of using this variable, our results are biased. We showed that SFT is not strongly age dependent in the first 2 years. This is consistent with other studies. In adolescents, aged 13-18 years, it was also shown that SFT is independent of age. 27 Moreover, a previous study in India suggested that SFT in adults tends to decrease with older age. 28 Our and these previous studies suggest that SFT may be a rather stable measure of fat mass from infancy to young adulthood. We found that girls have more total and central subcutaneous fat mass at the age of 24 months. No differences were found in peripheral subcutaneous fat mass or subcutaneous fat mass at younger ages than 24 months. Although both sexes have a rise in fat mass from 1.5 to 6 months, in boys we found a decline in fat mass after the age of 6 months but in girls the increase continued. Gender differences have been shown in several other studies. Females are shorter and weigh less than males at birth and throughout infancy but have more fat mass and less lean body mass than males, even in the neonatal period. [29] [30] [31] In 11-to 12-year olds the prevalence of overweight was higher in girls. 32, 33 In Shantal children between 5 and 12 years old, fat patterning was different between girls and boys. Girls had more subcutaneous fat mass and higher subscapular to Subcutaneous fat in childhood L Ay et al triceps ratios. 34 Girls also tend to have their adiposity rebound, which is associated with future development of obesity and reflect the turning point of decreasing to increasing BMI, at younger age than boys. 35, 36 This growth acceleration in childhood can lead to a disproportionately high-fat mass in relation to lean body mass. 37 These effects on body composition may favor the development of cardiovascular disease later in life. 38, 39 The underlying mechanisms as well as the critical periods of weight gain that contribute to later disease are still debated. 13, 40 Some studies suggest that these gender differences in adiposity measured at younger age are partly explained by differences in food preferences. At preschool age, boys have been reported to dislike more food items than girls. 41 Also, it has been reported that girls are less physically active than boys. In a study among 2185 children, aged 9-13 years, it was shown that boys are much more active than girls. 42 In the first 6 months of life, weight increases more than length for both sexes. 43 This could lead to an increase of fat mass in both sexes. It was also shown that BMI between the ages of 6 months and 2 years decreases in both sexes, but girls end up with a lower BMI. 43 BMI consists of lean body and fat mass. A higher level of physical activity in boys may lead to a relative higher lean body mass and combined with food preferences; this may explain the decline in fat mass compared to girls. To our knowledge, our study demonstrates for the first time that subcutaneous fat mass has a tendency for tracking from the age of 6 to 24 months. Also, we have shown that this tracking is stronger for central than for peripheral subcutaneous fat mass. We are not aware of any other studies examining tracking of SFT in childhood. However, tracking of obesity, defined by BMI, has previously been shown from the age of 2 years into adulthood. 44, 45 In a cohort of 474 boys and 448 girls in New Zealand, the correlation between BMI at the age of 7 years and BMI at the age of 21 years were 0.61 for boys and 0.52 for girls. 46 In China 1455, 6-to 13-year olds were followed for 2 years. Of all children with overweight at enrollment 36.8% remained overweight 2 years later. 47 Also, in children from the age of 6-to 9-year old followed up for 6 years, the BMI of thin and fat children were more likely to track: 51 and 46% remained in the bottom and upper quartiles, respectively. Overweight children were 2.8 times as likely as other children to become overweight as adolescents. Underweight children were 3.6 times as likely to remain underweight as adolescents. 48 These studies strongly suggest that the risk of development of obesity and its main health consequences are at least partly established in fetal and early postnatal life.
In the fully adjusted model, we found that maternal height and weight and paternal weight were inversely associated with subcutaneous fat mass. Also, fetal weight at 30 weeks, birth weight and weight at 1.5 months were inversely associated with subcutaneous fat mass at the age of 24 months. These findings suggest that of all children with the same weight at the age of 24 months, those with fetal growth retardation or low birth weight tend to have increased Subcutaneous fat in childhood L Ay et al subcutaneous fat mass. These associations support the developmental origins of health and disease hypothesis, which suggests that an adverse fetal environment leads to adaptations that program the fetus' metabolism. 12 This programming may have beneficial effects on short term but predispose the individual to diseases in adulthood, including obesity and insulin resistance. 11 Our findings are in line with previous studies showing associations of both low and high birth weight with an increased risk of developing overweight. [49] [50] [51] Recent studies have reported that this might be dependent on programming of lean body mass as well as programming of fat mass. The ALSPAC study found a positive association of birth weight with both lean body mass and total body fat. 52 It was also reported that this programming might be different in males and females. A study conducted in 234 adolescents in Spain found an inverse association of birth weight with central fat distribution in boys, but a positive association with lean body mass in girls. 53 Additionally, it seems that not only gender could modify this association, but the association was also shown to be stronger in certain genetic predispositions. Adolescents carrying the Ala12 allele in the PPARg-2 gene lower birth weight was associated with lower lean body mass, whereas the associations in the Pro12Pro group disappeared after adjustment for potential confounders. 54 In summary, our findings suggest that subcutaneous fat mass in early childhood is at least partly established in fetal life and may have consequences for adiposity in later life. Follow-up studies are needed to assess whether subcutaneous fat mass in early childhood tracks to adulthood, and whether and to what extent the effects of parental, fetal anthropometrics and postnatal growth patterns on subcutaneous fat mass persist.
